Abstract-Health monitoring of infrastructure is very important in the transportation and infrastructure industries. Many nondestructive testing (NDT) techniques have been applied for structural health monitoring including microwave NDT, ultrasound, thermography, etc. Due to the complex materials (composites, concrete, etc.) commonly used, it may be difficult to thoroughly inspect a structure using one method alone. Thus, hybrid NDT methods have also been developed. Recently, the integration of microwave NDT and thermography, herein referred to as Active Microwave Thermography (AMT), has also been considered as a potential structural health monitoring tool. This hybrid method uses microwave energy to heat a structure of interest, and then the thermal surface profile is measured using a thermal camera. This paper investigates the potential of AMT to inspect rehabilitated cement-based structures. Preliminary simulations and measurements provided herein indicate that AMT has the potential to detect delaminations under carbon fiber patches bonded to concrete.
INTRODUCTION
Rehabilitation of aging structures is considered a cost effective method for prolonging the useable life of such structures, including transportation infrastructure. Health monitoring of rehabilitated infrastructure is quite important to ensure the structural integrity of composite (including carbon fiber-based composites) and cement-based (e.g., concrete) infrastructure. Several nondestructive testing (NDT) methods including microwave [1] - [3] , ultrasound [4] , x-ray [5] , and thermography [6] - [7] have been applied for inspection of composite and concrete structures with varying levels of success. For example, while sonic (ultrasound) methods are well-established, typically they require contact with the structure under test (SUT), which may limit their application [4] . While x-ray methods are quite useful for many applications, there is a significant safety concern associated as well, making this technique more challenging to apply. Microwave NDT has been quite successful for inspection of dielectric materials (including composite and cement-based materials), but cannot inspect for subsurface defects in or beneath conductive materials. Thermography has also been successfully applied for structural health monitoring, but typically requires the use of a powerful heat lamp (which carries the risk of subsequent heat damage). As such, to build upon the success and legacy of thermography and potentially improve the method as an NDT tool, hybrid thermography techniques have been developed including laser [8] , eddy current [9] , induction [10] , microwave [11] - [13] , etc. These hybrid methods utilize other means for the generation of heat and subsequently measure the surface temperature profile of the SUT with a thermal camera (similar to traditional thermography). Within these hybrid methods, the combination of microwave NDT and thermography, herein referred to as Active Microwave Thermography (AMT), offers unique advantages. For example, utilizing microwave energy as a source of heat allows localized heating at a location of interest, as well as faster inspection rates as compared to traditional raster scanning techniques (e.g., microwave or ultrasound imaging, etc.). AMT is a relatively new hybrid method, and preliminary work has shown this method to have potential as a structural health monitoring tool [13] . As such, this work investigates a new application of AMT as a structural health monitoring tool for evaluation of rehabilitated cement-based (e.g., concrete) structures. Typically, such structures are rehabilitated using fiber reinforced polymer (FRP) composites consisting of fibers (typically glass, carbon, or aramid) embedded within an organic matrix (typically epoxy). The investigation presented here focuses on evaluation of structures rehabilitated with carbon-based FRP, or CFRP, composites.
Evaluation of rehabilitated concrete structures is important since the structural performance of these structures is usually limited by the FRP-concrete interface bond quality. Thus, detection of regions where the FRP has delaminated from the concrete is of critical importance in order to assure the integrity of the rehabilitated/repaired structure throughout its service life. In addition to normal service loading, structures that have been rehabilitated with FRP composites are also subject to environmental degradation as well as other types of damage, emphasizing the need for methods capable of detecting various types of flaws (i.e., delaminations, voids, etc.) in such structures.
When using AMT, there are two mechanisms by which heat may be generated. First, (direct) dielectric heating may take place (related to the loss factor of the SUT). If a defect is present, it may affect the generation of heat and/or the diffusion of heat to the surface of the SUT (where the thermal camera captures the temperature profile). Another possibility may occur if conductive materials are present in the SUT. Microwaves cannot penetrate through conductive materials, but current will be induced in such materials when irradiated by microwave energy. Thus, these currents may also act as a (secondary) source of heat, and the presence of a defect may again affect the resultant heat diffusion. In the case of rehabilitated cement-based structures, (conductive) CFRP composites are often used for such rehabilitations [2] . As CFRP is electrically conductive, current is induced in the CFRP when irradiated by microwave energy. Thus, the presence of a defect (i.e. delaminated portion of the CFRP) will affect the diffusion of heat through the structure, and may be evident in the surface temperature profile. This paper presents simulation and measurement results for inspection of rehabilitated cement-based structures. In particular, the effect of incident power and delamination dimensions on the ability to detect the presence of a delamination is investigated through simulations. In addition, preliminary measurements on a mortar specimen covered by a carbon fiber patch, containing a delaminated area, are provided.
II. SIMULATION RESULTS
To investigate the potential of AMT for inspection of rehabilitated structures, a small concrete sample with dimensions of 30×30×5 cm 3 , partially covered by a CFRP sheet, is considered. The CFRP sheet has dimensions of 20×20×0.2 cm 3 , and contains a delamination (cross sectional area of 4×4 cm 2 and depth of 2 mm), with a center offset point of 3 cm with respect to the center point of the SUT in both the x-and y-directions. The geometry of the structure is illustrated in Fig. 1 . For this structure (under microwave illumination), the AMT-induced current in the CFRP will operate as a heat source, adding to any dielectric heating that may occur resulting from the dielectric properties of the concrete itself. The relative dielectric properties, ε r , of the concrete (SUT) are assumed to be ε r = 10 -j4 [14] .
A coupled microwave-thermal simulation was conducted using CST Microwave Studio ® and MPHYSICS Studio ® for this structure [15] . The simulation is completed in two parts; first, the electromagnetic response (i.e., induced currents, etc.) of the SUT under planewave illumination is determined. Then, based on the electromagnetic response, the thermal response (i.e., heat generation and diffusion, etc.) of the structure is calculated. Temporally, the simulation is described first by the amount of time the SUT is illuminated by microwave energy (i.e., the heating time), t 1 , and subsequently by the amount of time the thermal profile on the surface of the SUT is measured (i.e., the cooling time), t 2 .
In order to relate the magnitude of the incident electric field to an incident power level, Eq. (1) was used,
where E 0 is the magnitude of the incident electric field, η is the intrinsic impedance of freespace (120π), and P is the rootmean-square of incident power radiating from an aperture with an area of A. In all cases, a frequency of 2.45 GHz was used and assumed to be radiating from a standard R-band (1.7-2.6 GHz) waveguide (aperture of 109.22 × 54.61 mm 2 ). Concrete was assumed to have a thermal conductivity of k t = 1.7 W/m.K, specific heat of c p = 0.8 kJ/kg.K, and density of ρ = 2400 kg/m 3 , air was assumed to have k t = 0.026 W/m.K, c p = 1.005 kJ/kg.K, and ρ = 1.204 kg/m 3 , and CFRP was assumed to have k t = 200 W/m.K, c p = 0.71 kJ/kg.K, and ρ = 2200 kg/m 3 [15]- [16] . As can be seen from these properties, the thermal conductivity of concrete is much higher than air. This is important for this application of AMT, since it is expected that during the heating time, the delaminated area will be hotter than the remaining area of the CFRP sheet (resulting from the lower thermal conductivity of air). Thus, the delamination will appear as a hot spot on the thermal surface profile. To begin, the effect of incident power on the thermal response of the SUT was investigated. Specifically, power levels of 30, 90 and 150 W were considered. For these simulations, an excitation time, t 1 , of 5 seconds was assumed. The normalized (with respect to ambient) temperature distributions on the surface of the CFRP (surrounding concrete not shown) for these power levels are shown below in Fig. 2 (at t = t 1 + , just after the application of microwave energy). These results are provided for different levels of temperature sensitivity (scales of 5, 10, and 50 mK) to illustrate two important points: first, what is theoretically possible using AMT for this application, and second, the (practical) effect of thermal camera sensitivity on the technique.
The results of Fig. 2 illustrate a few practical points. First, as expected, lower incident power levels will require a more sensitive thermal camera to detect the presence of a delamination. This is evident in the results considering a 30 W source (top row of Fig. 2 ). More specifically, with a sensitivity of 50 mK (a typical thermal camera sensitivity, top left in Fig.  2 ), the delamination is not detected. However, as the resolution of the image is improved (simulating the effect of using a more sensitive thermal camera), the delamination becomes evident through the non-uniform surface temperature distribution. This is important as it illustrates potential of AMT, albeit requiring more advanced thermal detection (that may or may not be currently commercially available or costeffective). Conversely, as the power is increased for a given measurement sensitivity (for example, 50 mK, left column of Fig. 2) , the presence of the delamination becomes obvious. In fact, given a sensitivity of 50 mK, it can be seen that the ability to detect the delamination (from the thermal profile), is effectively not improved by increasing the incident power from 90 W to 150 W, indicating that the required power may be optimized per different applications. Further, these results also indicate that it may be more straightforward to quantify the dimensions of a delamination using a lower power level (rather than one that results in a more detailed thermal profile). This is quite important practically as it relates to the minimum energy required for successful detection and quantification while minimizing the risk of thermal damage. Lastly, it is also evident that the most significant temperature increase is located at the edges of the CFRP. This occurs due to the polarization of the incident energy (here, the polarization was in the x-direction, with respect to the coordinates shown in Fig. 2) . Thus, the currents induced in the CFRP will also flow in the x-direction. Consequently and based on edge effects [17] , the induced current density is most dense at the edges, resulting in the most significant temperature increase. This effect is increasingly obvious as the incident power is increased (bottom row of Fig. 2 ).
In order to study the effect of delamination size on the temperature distribution, different cross-sectional areas of the delamination were considered, and the resulting change in temperature at the top surface of the CFRP analyzed. For these simulations, an incident power level of 50 W was assumed (selected as a relatively low power that may still provide enough energy for practical detection), with the same heating time as above. The results are shown immediately after the microwave illumination has ended (i.e., t = t 1 + ). The surface temperature profile for 4 different cross-sectional areas, 2×2 to 5×5 cm 2 , is shown in Fig. 3 . A temperature sensitivity of 10 mK is assumed for all cases. As shown in Fig. 3 , the dimensions of the delamination clearly have an effect on the surface temperature distribution. For example, in Fig. 3a (2 cm 2 delamination), the temperature distribution is just beginning to provide an indication of the presence of the delamination. This indication becomes increasingly stronger as the delamination dimensions increase, as shown in Fig. 3c-d . It should be noted that while the assumed thermal sensitivity is quite high (10 mK) and consequently may be difficult to achieve with reasonablypriced (commercially-available) thermal cameras, this practical limitation may be alleviated by increasing the incident power (i.e., similar to what is shown above in Fig. 2) .
Further, the inclusion of more advanced measurement and signal processing techniques (taking advantage of the legacy of thermography) may also improve the ability to detect such delaminations using lower power levels along with a typical thermal camera (sensitivity on the order of 50 mK) [18] .
III. MEASUREMENT RESULTS
To further investigate the feasibility of AMT for inspection of rehabilitated cement-based structures, preliminary measurements have been performed using an AMT system that is capable of transmitting 50 W and operates at 2.4 GHz. The high power microwave energy is generated using an HP8690B Sweep Oscillator and an OphirRF 5303084 power amplifier. A horn antenna is used to illuminate the sample with this microwave energy. A DRS Tamarisk 320 thermal camera [19] with a sensitivity of 50 mK was used to measure the thermal profile on the surface of the SUT. The SUT was a mortar sample with dimensions of 20×20×4 cm 3 covered with a 13×13 cm 2 CFRP (attached using adhesive), similar to the simulated SUT shown above in Fig. 1 . A delamination was created (through a lack of adhesive) with dimensions of 2×2 cm 2 , located offset from the center of the sample. The measurement setup and mortar sample is shown in Fig. 4 (the location of the delamination is indicated by the white dashed line in Fig. 4c ).
Measurements were made on the mortar sample using the AMT system at standoff distances (distance between the horn aperture and SUT) of 6 cm with a corresponding 5 sec heating time, and 45 cm with a corresponding 15 sec heating time. Thermal images were obtained before and after heating, as shown in Fig. 5 . As can be seen, the presence of the delamination is clear, even after heat duration of only 5 sec (Fig. 5b) . This is quite significant as it relates to practical issues such as heat damage to a structure. In addition (and similar to the results of Figs. 2-3) , edge effects are also evident for the 45 cm standoff measurement (Fig. 5c) . It is also interesting to note that the surface of SUT, covered by CFRP, is evident in the thermal image before the concrete sample was exposed to microwave energy ( Fig. 5(a) ). This may be a result of differences in thermal properties of carbon fiber and concrete. 
IV. CONCLUSION
Active Microwave Thermography is a relatively new hybrid NDT method. As a hybrid method, AMT takes advantage of unique aspects of microwave NDT and thermography, thereby offering the potential for improved structural health monitoring inspections. This paper presented preliminary simulation and measurements using a mortar sample containing a surface-bonded CFRP with a delaminated portion. The results indicate that, under microwave illumination of 50 W at 2.4 GHz, the presence of a delamination is visible on a thermal image of the surface of the sample under test. Future considerations to AMT may include a study of the effect of noise on the thermal measurement sensitivity, as well as the addition of advanced signal processing and/or measurement techniques (e.g., modulation or pulsed excitation, temporal analysis of the heat diffusion during the cooling period of the SUT, etc.).
